The technique of segmental perfusion was applied in vivo to study the release of enzymes from the mucosa cells under the influence of bile salts. Five brush border membrane enzymes, five cytosolic, one mitochondrial and two lysosomal enzymes were measured. Spontaneous release (Ringer solution), due to their superficial localization, was greatest for enteropeptidase and a-glucosidase. 3 and 10 mmol/1 sodium taurocholate, and 0.5 and 3.0 mmol/1 chenodeoxycholate were used. Surprisingly, the majority of cytosolic enzymes was released to a greater extent than membrane enzymes. On the other band, lysosomal or mitochondrial enzymes were low or absent in the perfusion medium, a finding that excludes a serious injury to the mucosa cells. It must be inferred, therefore, that cytosolic enzymes are regularly externalized during the digestive process, the glycocalyx perhaps being a common matrix for pancreatic, membrane-associated and cytosolic enzymes.
Introduction
The release of enzymes by bile salts from the plasma membrane of hepatocytes is well known from clinical and experimental experience. Gholestasis is marked by a significant increase in serum of the membrane enzymes alkaline phosphatase, -glutamyltransferase, alanine aminopeptidase, and others. Experimentally, bile duct ligation, production of intrahepatic cholestasis by a-naphthyl-isothiocyanate, partial hepatectomy and carbon tetrachloride poiThe paper will be part of the thesis of B. Bossmann.
soning have been applied (l, 2). It has been demonstrated that membrane enzymes in serum are increased pnly when the bile salt level in liver and serum is elevated. At the same time, the catalytic concentrations of enzymes in the liver may (alkaline phosphatase) or may not ( -glutamyltransferase) be increased. These findings support the concept that the increased serum activities of membrane enzymes in cholestasis are caused by solubilization through bile salts. This has been confirmed by observations with isolated hepatocytes (3) and with isolated plasma membranes from liver cells (1) . In both 0340-076X/83/0021-0001$02.00 © by Walter de Gruyter & Co. · Berlin · New York cases considerable amounts of membrane enzymes were released into the supernatant by added bile salts.
Similarly, the release of enzymes from the brush border membrane of the proximal tubules of the kidneys may be increased by äs much äs 15-fold in cases of liver disease, particularly in malignant tumours associated with liver metastases (4) .
The present work deals with the influence of bile salts on the intestinal brush border membrane. To our knowledge, this problem lias only been tackled by Vasseur et al. (5) and Nordström (6) , but the examinations were confined to membrane enzymes.
In our investigations, we took advantage of the technique of segmental perfusion; this is characterized by (1) the possibility of applying exactly the comppund to be tested, (2) of determining-precisely the enzymes released, and (3) of obtaining these results in vivo.
The investigations were not confined to membrane enzymes. Several cytosolic, lysosomal and mitochondrial enzymes were determined äs well. The re$ults point to an involvement of the membranes that goes beyond simple release of membrane enzymes through the detergent effect of bile salts.
Materials and Methode
Female white Wistar rats of an average weight of 200 g were used, which were on a Standard diet (pellets) and water ad libitum. About l h before the Operation 0.2 0.3 ml of a 50 g/l Brevinareon® (ethylbutyl thiobarbital-Na) solution was administered to the animals. After laparotomy 20 cm of the proximal jejunum were exposed and ligated on both ends. Special oqnsideration was given to the maintenance of circulation in this Segment. Subsequently, in the proximal end of the ligated Segment an afferent catheter and in the distal end an efferent catheter was inserted. A peristaltic pump (LKB, Bromma, Sweden) was used for confcinuous perfusion in a closed System. The düration.of the experiments was 2.5 h. In order to maintain the bpdy temperature the animals were placed on an aluminium plate the tempefatufe öf which was kept cpnstant by an electric warming-pad at 37 °C. The temperat ure of the perfusate was regulated by the same device. The vol ume of the perfusate was 25 ml, flow rate l ml/min. The followr ing Solutions were administered,
(1) in the control experiments Ringer solütiori cpntaining 9.5 g NaCl, 0.5 g KC1,0.2 g CaCl 2 , 0.15 g NaHCOs and 1.0 g glucose per liter;
(2) in the bile salt experiments a) 3 or 10 mmol/1 sodium taurocholate or b) 0.5 or 3 mmol/1 sodium chenodeoxyeholate was added to the Ringer solution.
In some of the experiments with 3 mmol/I chenodeoxyeholate the perfusate contained an admixture of mucus increasing with the duration of the experiment. The phenomenon could not be conr trolled, i. e. it was encountered in some of the animals and missing in others. Therefore we ascribe it to an individual disposition of the animals. In the figures arid tables the data of these two groups are represented separately. Durihg the fifst 1.5 h, samples pf 1.7 ml were removed from the perfusate at 15 min intervals, and afterwards at an interval of 30 min. The volume was replaeed by the pertinent solution. The effect of dilution was eliminated by calculation. Protein was determined in the samples by a modified Lowry method (7). 
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In order to be able to express the enzyme activity released äs a fraction of the original catalytic activity of the mucosa, homogenates of the latter were examined. The mucosa was scraped off from 20 cm of proximal jejunum and homogenized with an UltraTurrax homogenizer (Fa. Kunckel, Freiburg/Breisgau) in 25 ml of Ringer solution. Table 3 demonstrates that, with the exception of enteropeptidase, most enzymes are more or less iiihibited by bile salts. However, some of them, such äs alkaline phosphatase, a-l,4-glucosidase and leucine aminopeptidase, remain practically uninfluenced.
Influence of bile salts on enzyme activity
The measured values were corrected for Inhibition or activation by bile salts. Thus, the data in the following tables and figures reflect the quantity of enzyme that has been liberated by the bile salt applied.
Rate of enzyme release
As can be seen from figure l, after a lag phase of 30-45 min the enzymes increase in the perfusate in an exponential manner. Ringer solution alone is able to liberate some enzyme material from the enterocytes.
As for the influence of the bile salts, in general 3 mmol/1 taurocholate and 0. In table 4 the final values for all enzymes investigated and for protein are given. The release of protein is comparatively small. Among the enzymes, there are great differences. Only traces of lysosomal and mitochondrial enzymes appear in the perfusate. 
Enzyme losses from the mucosa
] ) The activity of enteropeptidase released by 10 mmol/1 taurocholate has not been corrected since the activation of this enzyme varies from 100-2000 per cent (table 3) 
Discussion
The bile salts administered should be distinguished according to their different detergent levels. After Greim et al. (17) , who were working with liver cells, the dihydroxy bile acid Inhibition level 2 ) corresponds to a concentration of 0.1 mmol/1, the dihydroxy bile acid detergent level to 0.3 mmol/1 and the trihydroxy bile acid detergent level to 3.0 mmol/1. If we apply these data to our experiments, the critical detergent level has been attained or surpassed in all cases. The concentration of 3 mmol/1 chenodeoxycholate would correspond to tenfold the detergent level. Indeed, in some of these experiments, äs mentioned above, the perfusate contained an admixture of "mucus" which increased during the experiments and might correspond to micelles consisting of membrane lipids and bile salt. The bile salt concentrations at the detergent levelcorrespond to physiologicai levels. At this level a slight, reversible functional impairment of the membranes should be envisaged.· 2 ) Inhibition of the endoplasmic cytochrome P-450 oxidase For the rest, the liberated enzyme quantities appeär to steadily increase according to the type and concentration of the administered bile salts. In contrast to membrane and cytosol enzymes the quantities of lysosomal and mitochondrial enzymes ränge from negligible to zero. Preliminary results of electronmicroscopic investigations indicate that at 3 mmol/1 taurocholate the brush border membranes remain intact except for a removal of the apical glycocalyx. (The complete results of these mo hological investigations will be published separately.)
The biochemical findings deserve detailed consideration. In table 6 data have been compiled Which are derived from the findings communicated in the Results section. An impression of the nonspecific solvatability of the enzymes can be gained by coiisiderî ng the figures obtained for the controls at 15 and 150 minutes. The spontaneous release varies from 6* fold to 40?fold among the membrane enzymes äiid is greätest for a-l,4-glucosidase and enteropeptidase. This corresponds to the quite superficial localization of these enzymes in the plasma membrane (18). As J. Clin. Chem. Clin. Biocherau / Vol. 21, 1983 for the cytosolic enzymes, the increase is more uniform, varying around 20-fold. The values for bile salts vs. control give an impression of the detergent effect of the former. Among the membrane enzymes, the greatest effect is obtained for alkaline phosphatase and the least one for a-l,4-glucosidase. Among the cytosolic enzymes leucine aminopeptidase and prolidase are released most rapidly whereas the smallest effect is exerted on glycyl-L-leucine dipeptidase. The combined effects of perfusion per se and of added büe salts are reflected by the total enzyme activities libefäted. Except for enteropeptidase, the membrane enzymes are released in similar quantities (1-10 U/25 ml within 2.5h). As for a-1,4-glucosidase, the great sppntaneous release is paitially compensated for by the small effect of bile salts. The other jnembrane enzymes examined are tightly anchored in the lipid bilayer (18). The cytosolic enzymes vary from 1-11 U/25 ml, i.e. they are released at a similar rate to most of the membrane enzymes. On the other band, lysosomal and mitochondrial enzymes are practically not liberated from the mucosa cells. Tfais ineans that in agreement with the preliminary morphological findings mentioned above a serious lesion of these cells can be excluded.
What is the biological significance of these findings? Current opinion (19, 20) assumes that the digestion of foodstuffs occurs in 3-4 Steps,
(1) cleavage of polymeric to oligomeric forms by salivary, gastric and pancreatic enzymes in the intestinal lumen, Our results lend strong support to the view that the final stage of digestion can take place already in the lumen or at the membrane surface. In this context, the role of the glycocalyx äs a possible matrix for pancreatic, cytosolic and membrane enzymes is not sufficiently clarified äs yet. It must be inferred from our findings that under the influence of bile salts cytosolic enzymes can cross the brush border membrane relatively easily. The mechanism of the membrane passage remains to be elucidated. Elevated bile salt concentrations apparently cause a transitorily increased membrane permeability.
In this context, the unique behaviour of leucine aminopeptidase might become understandable. The enzyme is greatly activated by manganese and/or niagnesium ions. The activated enzyme might be formed and retained for a certain time in the glycocalyx. According to earlier investigations (21, 22 ) the substrate used is not hydrolysed by the known membrane aminopeptidases (alanine and aspartate aminopeptidases). Our observation bears some relationship to the findings of Kenney & Fulcher (23) who investigated renal brush border membranes of the rat. Here, too, a very active "leucine hydrazidase" could be demonstrated. However, there is no äoubt that leucine aminopeptidase is a typical soluble cytosolic enzyme which, like other cytosolic di-and tripeptidases, seems to be externalized in small quantities and retained in the glycocalyx for some time.
It is remarkable that the cytosolic enzymes that are released most readily under the influence of bile salts are leucine aminopeptidase and prolidase. Leucine aminopeptidase and the membrane-associated alanine aminopeptidase attack peptides from the N-terminus (for Substrate specificity see I.e. (21, 24)) but they are unable to split the gly-pro bond. However, the membrane-associated dipeptidyl peptidase IV (EC 3.4.14.4) is able to remove gly-pro from the amino end of peptides (25) and this dipeptide can be cleaved by prolidase. The "master dipeptidase" of Radhakrishnan (26) , glycyl-L-leucine hydrolase, has a very broad specifity, but it has no action on the dipeptides gly-gly, gly-his, gly-pro and pro-gly which are hydrolysed by separate cytosolic enzymes.
It might well be that the intracellular hydrolases have still another function, viz. the terminal cleavage of peptides that have been produced by the lysosomal digestion of proteins taken up by autophagy or heterophagy. Thus, the proximal tubular cells of the kidneys regularly take up large quantities of protein from the primary filtrate. It is possible that such a mechanism also takes place in the intestinal cells, particulafly if, due to pancreatic insufficiency, proteins and other foodstuffs are supplied in larger quantities.
Apart from the investigations of Bilington et al. (3) and Schlaeger et al.
(1) mentioned in the Introduction, studies on the direct effect of bile salts on brush border membranes are relatively scarce. However, our findings fnay be compared with the results obtained by Schmidt et al. (27) in their investigations using isolated perfused rat liver. In öfte figure (14.6, p. 157) of their paper the ratips of cytosolic and mi* tochondrial enzymes (lactate dehydrogenase/glutainate dehydf ögenase and cytosolie/mitochondrial asp artate aminotransferase, respectively) are cpmpared. If l mmol/1 sodium dePxycholate is added to the perfusion medium the ratios are very high, but if l mmol/1 KCN is added they are very low. This means that urider the influence of the bile salt cytosolic enzymes afe released in relatively large quantities. Another example is given by the data ön enzyme activities in serum in cases of acute cholestäsis. Immediately after the event, thefe is ä steep iise not only of glutamate dehydrogenase, but also of aspar* täte aminotransferase and the excliisively öytosolic alänine aminotransferase. There follows a rapid deĉ rease to moderately elevated leVels while alkaline phosphatäse and other membrane enzymes do not reach a peak until about one week after tue acute occlusion.
Finally, Silk & Kim (28) obsefVed that pn incubation of Strips of intestine in vitro there is a very rapid efflux of cytosolic peptidases itito the mucösal medium. This is what we pbserved at the Start of our in* vestigations. Since we thought it might be an artifact due to hypoxia etc., we proceeded to the in vivo experiments presented here. We are thüs left with the fact that in vivo and especially under the influ* ence of bile salts cytosolie enzymes mäy be present at the membrane sürface (in the glycocalyx and the lumen) in concentrations not lower than most of the membrane enzymes.
